G-protein-coupled receptors (GPCRs) represent a large superfamily of cell surface receptors that share many structural motifs, including an extracellular N terminus, 7 ␣-helical transmembrane domains, and an intracellular C terminus. Despite this common architecture, endogenous agonist/GPCR/effector complexes engender enormous diversity within cellular signaling. GPCRs are involved in the majority of physiological and pathological signal transduction mechanisms, which, in turn, has driven this receptor superfamily to be the most commonly targeted group of proteins in terms of pharmaceutical therapeutics (1) . However, of the 323 nonvisual GPCRs that represent realistic drug targets, only 46 have been targeted effectively with new chemical entities, and recent GPCR drug discovery programs have had little success in expanding the repertoire of drugged GPCRs (2) . This may be due, in part, to a relatively limited understanding with regard to the composition and membrane distribution of GPCRs at the cell surface.
GPCRs are highly plastic proteins that can adopt a broad spectrum of conformations. Binding of natural or synthetic ligands, in addition to interactions with intracellular and/or transmembrane signaling proteins, can enrich distinct subsets of GPCR conformations, many of which may vary in their downstream signaling profiles (3) . The majority of drugs in clinical practice mediate their effects through the endogenous ligand-binding site, otherwise known as the orthosteric site. However, targeting topographically distinct allosteric binding sites is of increasing interest as allosteric modulators can provide a number of advantages, including spatiotemporal specificity and greater subtype selectivity (4 -6) . As allosteric binding sites include any receptor site that is topographically distinct from the endogenous ligand-binding site, interacting intracellular and transmembrane proteins can be described as endogenous GPCR allosteric modulators. Allosteric in-teractions can be neutral, positive, or negative and are reciprocal in nature. The cooperativity between simultaneously bound orthosteric and allosteric binding sites can be probe dependent. That is, allosteric interactions between orthosteric ligands, allosteric ligands, and/or GPCR-interacting proteins, such as the G protein or ␤-arrestin, can stabilize distinct subsets of GPCR conformations. The phenomenon of functional selectivity arises from the generation of discrete intracellular signaling profiles due to probe-dependent variations in the degree and/or direction of cooperativity between two GPCR binding sites (7) . Therapeutically, functionally selective ligands may represent a novel method to selectively modulate a pathway of interest and as such minimize adverse effects (8, 9) .
Despite intense debate, it is now generally accepted that GPCRs can form homodimers, heterodimers and/or higher-order oligomeric complexes (10 -12) . Nonvisual GPCRs are commonly classified into 3 families, A-C, on the basis of sequence similarity within the predicted hydrophobic transmembrane domains (13, 14) . A number of elegant studies have demonstrated that family C GPCRs exist as stable and obligate dimers (15) . In contrast, the extent, stability, and physiological consequence of GPCR-GPCR interactions between family A GPCRs, which include the well-characterized adrenoceptors, adenosine receptors, and muscarinic receptors, remain a subject of debate (16 -18) . Classical receptor theory has been built on the assumption that family A GPCRs exist and function as monomers. Supporting this assumption, recent studies using highdensity lipoprotein phospholipid bilayer particles have demonstrated that monomeric rhodopsin, ␤ 2 -adrenergic and -opioid receptors can couple to G proteins (19 -21) . However, over the past decade, a large body of evidence has revealed that family A GPCRs can interact with one another to form receptor dimers and/or higher-order oligomeric complexes (11, 12) . As with other allosteric interactions, GPCR-GPCR interactions can selectively enrich a distinct subset of GPCR conformations. As a consequence, the intracellular signaling profile of natural or synthetic agonists may alter depending on the oligomeric state of the GPCR, which, in turn, may vary depending on the cellular context in which the receptor is expressed. Furthermore, allosteric interactions can occur across a dimer interface. As such, ligand binding to one protomer can be modulated by targeting a binding site within the second, interacting protomer. Allosterism across a GPCR complex represents an alternative therapeutic approach toward targeting currently intractable GPCRs. However, prior to becoming a realistic therapeutic avenue, a mechanistic framework is required to quantify homomeric and heteromeric allosteric interactions in terms of affinity and cooperativity.
Various mathematical models have been proposed to describe GPCR dimerization (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . Within the simplest schematic describing receptor homodimerization, cooperative interactions in the presence of a single ligand have characteristic features when investigated over a wide concentration range (Supplemental Fig.  S1A , B and ref. 25) . On extension to a 2-drug model of receptor homodimerization, interactions indistinguishable from classical competition are observed under conditions of neutral cooperativity (Fig. 1A, B) . Strong positive cooperativity between two ligands introduces extra inflections into equilibrium binding curves and, as such, is clearly distinguishable from that of neutral cooperativity (Supplemental Fig. S1C ). In contrast, only minor changes in equilibrium binding are observed under conditions of strong negative cooperativity (Fig.  1C) . In these cases, dissociation kinetic assays represent a more sensitive alternative for detecting negatively cooperative interactions (Fig. 1D) .
Previously, we have used dissociation kinetics in single living cells to study negatively cooperative allosteric interactions induced by allosteric ligands at the A 3 adenosine receptor (A 3 -AR; refs. 32, 33) . Under conditions of "infinite" dilution and/or isotopic dilution, ligands that compete for the same site on a 
monomeric receptor should not influence one another's dissociation kinetics (34) . In contrast, allosteric modulation between two simultaneously bound and interacting sites, either within a receptor monomer or across a receptor dimer/oligomer, can alter ligand dissociation (6) . In this study, we have employed dissociation kinetic analysis as a powerful method to detect allosteric interactions between the orthosteric binding sites of a GPCR across the dimeric interface of A 3 -AR homodimers/ oligomers in single living cells. We have also used a kinetic model of GPCR homodimerization to provide a mechanistic framework within which to quantify the allosteric interactions across the dimeric interface of GPCRs in terms of affinity and cooperativity. This should provide a powerful basis for future drug discovery efforts. 
MATERIALS AND METHODS

Materials
Generation of adenosine-receptor constructs
The A 3 -AR N-YFP , A 3 -AR C-YFP , A 3 -AR YFP , and A 3 -AR GFP constructs were generated using cDNA encoding the full-length human A 3 -AR, which was fused in frame with a C-terminal truncated version of YFP (N-YFP; aa 1-155), N-terminal truncated version of YFP (C-YFP; 156 -231), full-length version of YFP or full-length version of GFP, respectively (with the methionine start signal removed) and subcloned into pcDNA3.1. The N250A mutation was introduced into the A 3 -AR YFP gene using the QuikChange site-directed mutagenesis kit (Aglient Technologies, Cheshire, UK) and was confirmed by DNA sequencing. Full-length A 3 (N250A)-AR YFP DNA was excised and subcloned into a native pcDNA3.1 vector.
Confocal microscopy
Biomolecular fluorescence complementation (BiFC)
Chinese hamster ovary (CHO-K1) cell lines were maintained as described previously (33) . For BiFC experiments, CHO-K1 cells were seeded onto Lab-Tek 8-well plates (Nunc Nalgene, Rochester, NY, USA). Cells were transfected for 24 h with 0.15 g of DNA using Lipofectamine (Invitrogen) according to the manufacturer's instructions, and subsequently incubated for 24 h at 30°C to facilitate correct folding of the YFP fragments. Following washing of the cells in HEPES-buffered saline solution (HBSS; 25 mM HEPES, 10 mM glucose, 146 mM NaCl, 5 mM KCl, 1 mM MgSO 4 , 2 mM sodium pyruvate, and 1.3 mM CaCl 2 ), images of BiFC were obtained on a Zeiss LSM510 confocal microscope using a c-Apochromat ϫ40 1.2 NA water-immersion objective (Carl Zeiss, Oberkochen, Germany), using 514-nm excitation and a pinhole diameter of 1 Airy unit. 36) , respectively, were maintained in Dulbecco's modified Eagle's medium/nutrient mix F12 (DMEM-F12) containing 10% fetal calf serum (FCS) and 2 mM l-glutamine at 37°C in a humidified incubator containing 5% CO 2 . When confluent, cells were harvested (0.25% trypsin) and centrifuged (1000 g for 5 min), and the resulting pellet was resuspended in DMEM-F12 containing 10% FCS and 2 mM glutamine. Prior to assaying, CHO-A 1 and CHO-A 3 cells were seeded onto 32-mm circular coverslips in DMEM-F12 containing 10% FCS and 2 mM glutamine for Ն18 h and grown to 80 -100% confluence.
Live cell imaging was performed using a Zeiss LSM 510 laser scanning confocal microscope and a Zeiss Plan-Neofluar ϫ40 1.3 NA oil-immersion objective. A 633-nm HeNe laser was used for the excitation of ABA-X-BY630 (a BODIPY630/ 650 conjugate) with emission being detected using a 650-nm long-pass filter. Dissociation kinetic assays were performed according to the previously described method of infinite dilution using a temperature-controlled perfusion system (33) . This method maintains a constant flow rate while exposing cells to HBSS in the absence and presence of 30 nM ABA-X-BY630 and/or competitive ligands. In each case, the temperature was maintained at 37°C, the flow rate was Ն5 ml/min, and the pinhole diameter (1 Airy unit; 1.1-m optical slice), laser power, and gain remained constant between experiments.
Live-cell kinetic experiments for CHO-A 1 and CHO-A 3 cells involved a 30-s perfusion of HBSS to obtain a basal fluorescence reading followed by a 2-min exposure of cells to 30 nM ABA-X-BY630 in the absence or presence of 5Ј-(N-ethyl carboxamido)adenosine (NECA; 10 nM to 10 M), xanthine amine congener (XAC; 10 nM to 1 M), or adenosine (1-10 M). ABA-X-BY630 (30 nM) dissociation was initiated through exchanging the perfusion from fluorescent ligand to HBSS in the absence or presence of NECA (10 nM to 100 M), XAC (1 nM to 10 M), or adenosine (100 nM to 100 M). Phase and fluorescence images were captured every 2 s for the duration of the experiment. Within each field of view, a region of interest was drawn around the plasma membrane of 10 cells and the changes in fluorescence intensity estimated over time (Zeiss AIM 4.2 software).
Influence of the A 3 -AR mutation, N250A, on the dissociation of ABA-X-BY630
CHO cells transiently transfected with A 3 -AR GFP and either A 3 -AR YFP or A 3 (N250A)-AR YFP were excited simultaneously using a 488-nm argon laser and imaged as a stack with wavelength range of 495-666 nm. Spectral unmixing was used to separate YFP and GFP fluorescence and estimate the GFP/YFP fluorescence ratio at a single-cell level. A corresponding stack of A 3 -AR YFP or A 3 -AR GFP transiently transfected into CHO cells alone provided a reference spectrum for each fluorescent protein. Live-cell kinetic experiments involved HBSS perfusion to obtain basal fluorescence, initiation of association through exposure of cells to 30 nM ABA-X-BY630 for 2 min, and then initiation of dissociation through perfusion of HBSS alone for 2 min. Cells were subsequently reexposed to 30 nM ABA-X-BY630 for 2 min, followed by perfusion of HBSS in the presence of 1 M NECA for 2 min. Phase and fluorescence images were captured every 2 s for the duration of the experiment. Within each field of view, a region of interest was drawn around the plasma membrane of transfected cells, and the changes in fluorescence intensity were estimated over time (Zeiss AIM 4.2 software).
Data analysis
Dissociation of 30 nM ABA-X-BY630 was fit to the monoexponential decay in Eq. 1 using Prism 5 (GraphPad, San Diego, CA, USA):
Ϫkoff t ϩ plateau (1) where Y 0 represents the level of ABA-X-BY630 binding at time t ϭ 0, plateau is the level of binding at infinite time, and k off is the dissociation rate constant of ABA-X-BY630. Concentration-response curves of the influence of adenosine, NECA, and XAC on the dissociation of 30 nM ABA-X-BY630 were fit to Eq. 2 using Prism 5:
where E max is the maximal response and EC 50 is the molar concentration of nonfluorescent ligand required to generate 50% of E max .
Dynamic model of receptor homodimerization
ABA-X-BY630 association and dissociation kinetics were subsequently analyzed using a kinetic model of receptor homodimerization to estimate equilibrium association constants K A and K B and the cooperativity factors ␣, ␤, and ␥ (Fig. 1A) .
The following dynamic models describe the binding of one or two ligands to a homodimeric GPCR, with forward reactions denoted by a plus sign and backward reactions with a minus sign. Supplemental Fig. S1A describes the binding of ABA-X-BY630 (represented as A) in terms of both the affinity of A for the unoccupied homodimer, K A ϭ k aϩ /k aϪ , and the cooperativity, ␣ ϭ ␣ ϩ /␣ Ϫ , between the binding sites when both sites on the homodimeric receptor are simultaneously occupied. System dynamics are given by solutions to the following system of ordinary differential equations, where each R represents a homodimeric receptor:
The association and dissociation of 30 nM ABA-X-BY630 were simultaneously analyzed, and k aϪ , k aϩ , ␣ Ϫ , ␣ ϩ , parameter estimates were constrained for all subsequent analysis. Figure 1A shows a schematic for the influence of a second ligand (B) on the dissociation of A, described by the following system of ordinary differential equations where, as previously, each R represents a homodimeric receptor:
The affinity of B for the unoccupied homodimer is represented by K B ϭ k bϩ /k bϪ , and the cooperativity between binding sites on the homodimer when two B simultaneously binds the receptor is ␤ ϭ ␤ ϩ /␤ Ϫ . The reciprocal influence of the binding of A on the affinity of B and the binding of B on the affinity of A is reflected by ␥ ϭ ␥ ϩ /␥ Ϫ . Within this analysis, k aϪ , k aϩ , ␣ Ϫ , ␣ ϩ , were fixed to previous estimations in the absence of B. In fitting to this model alone, ␥ ϩ k bϩ could only be estimated as a composite value, and ␤ values cannot be estimated from bound fraction data. Simultaneous addition of A and B during association (Fig.  1C) is described by the following system of ordinary differential equations where, as previously, each R represents a homodimeric receptor:
/dt is described by Eq. 10. All forward and backward reaction rate constants and cooperativity factors are as described previously. Within this analysis, all parameters for drug A were fixed as previously estimated. The parameter estimation method was then applied to the dissociation model, Eqs. 6 -11, and the association model, Eqs. 12-16, simultaneously to recover parameters for B, including the cooperativity ␤. The parameter estimation routine employed uses a bounded Nelder-Mead method with 100 initial guesses in each case.
Statistical analysis
Statistical analysis involved 1-way ANOVA or unpaired t tests, where appropriate, with statistical significance reflecting P Ͻ 0.05 (Prism 5).
RESULTS
Detecting A 3 -AR complexes using BiFC
BiFC describes the ability of 2 nonfluorescent fragments of yellow fluorescent protein (YFP), when in proximity, to irreversibly interact with one another to reconstitute fluorescent YFP (37) . BiFC has been used previously to demonstrate the ability of A 1 -ARs to form receptor-receptor complexes (38) . Using a similar approach, the current study has used BiFC to detect the ability of A 3 -ARs to form receptor-receptor complexes. Fig. 2A) , reconstituted YFP fluorescence obtained following cotransfection of both A 3 -AR C-YFP and A 3 -AR N-YFP was predominantly distributed on the plasma membrane (Fig. 2B) .
Differential effects of competitive ligands on the dissociation kinetics of ABA-X-BY630 from the human A 1 -AR and A 3 -AR Investigation of the dissociation kinetics of ligand binding represents a sensitive method to detect changes in receptor conformation due to allosterism within a receptor monomer or across a receptor dimer/oligomer interface. This study has used a perfusion system in conjunction with confocal microscopy to quantify the dissociation kinetics of the adenosine BODIPY630/ 650 conjugate, ABA-X-BY630, from the A 1 -AR and A 3 -AR under conditions of infinite dilution (33) . The equilibrium and functional properties of ABA-X-BY630 have been characterized previously (33, 39) . The advantage of using the method of infinite dilution as compared to isotopic dilution is that the influence of competitive ligands on ABA-X-BY630 dissociation kinetics can be investigated. Under conditions of infinite dilution, the dissociation kinetics of ABA-X-BY630 should not be influenced by the addition of a second ligand, provided both are competing for the same site on a GPCR monomer. In contrast, if ligands bind simultaneously to two interacting sites, such as in the case of receptor dimerization or allosterism, cooperative interactions can mediate reciprocal changes to the rate of ligand dissociation. In the absence of competitive ligands, the dissociation rate constant of ABA-X-BY630 from A 1 -AR and A 3 -AR was 1.45 Ϯ 0.05 and 0.57 Ϯ 0.07 min Ϫ1 respectively (nϭ6 and 11 separate experiments, respectively, where each replicate represents the average of 10 cells). At CHO-A 3 cells, the nonselective adenosine receptor antagonist, XAC, the nonselective adenosine receptor agonist, NECA, and the endogenous agonist, adenosine, mediated a concentrationdependent increase in the dissociation rate of ABA-X-BY630 (Figs. 3 and 4A-C) . In contrast to the large increases observed at CHO-A 3 cells, at CHO-A 1 cells small but significant increases in the dissociation rate of ABA-X-BY630 were observed in the presence of 10 M XAC, 100 M NECA, and 100 M adenosine (Fig.  4D-F) .
The concentration-dependent relationship between competitive ligand concentration and the dissociation rate constant of ABA-X-BY630 can clearly be seen in Fig. 5A . From these curves, the midpoint location parameter represents the affinity of the competitive ligands for the ABA-X-BY630-occupied receptor unit. Global analysis estimated the pEC 50 for XAC, NECA, and adenosine at the A 3 -AR as 6.0 Ϯ 0.1, 5.9 Ϯ 0.1 and 5.2 Ϯ 0.1, respectively (nϭ3-11 separate experiments, where each replicate represents the average of 10 cells). The fold-increase in the dissociation rate of ABA-X-BY630 for XAC, NECA, and adenosine at the A 3 -AR was ϳ15, 9, and 19, respectively. At the A 1 -AR, the fold increase in the dissociation rate of ABA-X-BY630 in the presence of XAC (10 M), NECA (100 M), and adenosine (100 M) was 1.5, 1.4, and 1.5, respectively (Fig. 5B) .
Influence of competitive ligands on the association of ABA-X-BY630 to the human A 3 -AR stably transfected into CHO cells
The influence of XAC, NECA, and adenosine on the association of ABA-X-BY630 at the A 3 -AR was then investigated. Within these experiments, the perfusion system was used to expose CHO-A 3 cells to 30 nM ABA-X-BY630 in the absence and presence of XAC (10 nM to 1 M), NECA (10 nM to 10 M), or adenosine (1-10 M). XAC, NECA, and adenosine mediated a concentration-dependent inhibition in the binding and, as such, the plasma membrane fluorescence of 30 nM ABA-X-BY630 (Fig. 6A-C) . Global analysis of the inhibition of plasma membrane fluorescence after 2 min exposure of 30 nM ABA-X-BY630 in the absence or presence of XAC (10 nM to 1 M), NECA (10 nM to 10 M), or adenosine (1-10 M) estimated a pIC 50 of 7.0 Ϯ 0.1, 6.5 Ϯ 0.1, and 5.1 Ϯ 0.1, respectively ( Fig. 6D ; nϭ2-9 separate experiments, where each replicate represents the average of 10 cells).
Decreasing cooperative A 3 -AR homomeric interactions with a nonligand binding A 3 -AR, A 3 (N250A)-AR YFP
An enhancement in tracer dissociation kinetics can be indicative of allosteric interactions both within a monomeric receptor and/or across a receptor dimer. Distinguishing between the two different types of allosterism can be difficult. However, in contrast to interactions occurring within a monomeric receptor, cooperative interactions resulting from receptor-receptor interactions can potentially be inhibited through coexpression of a nonbinding receptor variant. The A 3 (N250A)-AR YFP is a C-terminal fusion of the A 3 -AR that contains an asparagine 250 to alanine point mutation, corresponding to position 6.55 using the numbering system of Ballesteros and Weinstein (40) , which has been shown previously to decrease agonist and antagonist binding to nonspecific binding levels (41) . As such, the A 3 (N250A)-AR YFP should act as a dominant negative if the cooperative interactions between ABA-X-BY630 and XAC, NECA, and adenosine are mediated across a receptor dimer .
Spectral unmixing of GFP and YFP fluorescence when the A 3 -AR GFP was expressed alone lacked any detectable fluorescence in the YFP channel (Fig. 7A) . Similarly, on expression of the A 3 (N250A)-AR YFP alone, no fluorescence was detectable in the GFP channel on spectral unmixing (Fig. 7B) . The integrity of ABA-X-BY630 dissociation on coexpression of GFP-and YFPtagged A 3 -ARs was assessed by cotransfection of the C-terminal A 3 -AR fusions, A 3 -AR GFP and A 3 -AR YFP . A 3 -AR GFP and A 3 -AR YFP were expressed predominantly on the cell surface (Fig. 8A) . Within the one field view, GFP and YFP fluorescence varied considerably from cell to cell, and as such, individual cells were grouped into GFP/YFP fluorescence ratios of 0.1-0.9, 1-9, and Ͼ10. Within treatment groups, the dissociation curves of 30 nM ABA-X-BY630 in the absence ( (Fig.  8F) . In contrast, in the presence of 1 M NECA, the dissociation of 30 nM ABA-X-BY630 was slowed progressively when the proportion of A 3 (N250A)-AR YFP at the cell surface was increased (Fig. 8G) . No significant difference in the dissociation rate of 30 nM ABA-X-BY630 was observed in the absence of NECA. In contrast, the dissociation rate of 30 nM ABA-X-BY630 in the presence of 1 M NECA was significantly different at each GFP/YFP fluorescence ratio (Fig. 8H) .
Application of a dynamic 2-drug model of receptor homodimerization to quantify allosterism across homodimeric A 3 -ARs
The study has used mathematical models to analyze ligand binding to receptors that exist as homodimers. Analytical solutions can be found for both the steadystate and dynamic model of receptor dimerization. Within this study, a parameter estimation method derived from the dynamic model of receptor dimerization was applied to time-course data for 30 nM ABA-X-BY630 in the absence and presence of XAC or NECA at the A 3 -AR (Fig. 9) . This analysis provided estimates for the affinity constants for ABA-X-BY630, XAC, and NECA and cooperativity factors between A 3 -AR binding sites when the homodimer was simultaneously occupied by 2 ligands.
Kinetic data were analyzed using a sequential method. A computational parameter estimation method applied to 30 nM ABA-X-BY630 specific binding data alone estimated the equilibrium association constant for ABA-X-BY630, K A , and the cooperativity between the binding of 2 molecules of ABA-X-BY630, ␣ ( Table 1) . These ABA-X-BY630 parameters were then constrained for subsequent global analysis of association and dissociation kinetic data in the presence of XAC and NECA (Table 1) . Together, this sequential method of parameter estimation allowed estimation of ABA-X-BY630, XAC, and NECA equilibrium association constants as well as the cooperativity between binding sites on dual occupancy of the A 3 -AR homodimer (Table 1) .
DISCUSSION
This study has used confocal microscopy in conjunction with a rapid-exchange perfusion system to investigate cooperative interactions resulting from homodimerization of A 1 -ARs or A 3 -ARs at the surface of live cells. In contrast to the A 1 -AR, highly cooperative interactions between competitive ligands were observed at the A 3 -AR. These effects could be decreased significantly on coexpression of A 3 -AR GFP with the non-ligand-binding A 3 (N250A)-AR YFP , suggesting that the cooperativity between competitive ligands arises as a result of interactions between A 3 -ARs at the cell surface. Kinetic data were subsequently fit to a dynamic mathematical model of constitutive dimerization to allow, for the first time, quantification of the interactions between competitive ligands at a homodimeric GPCR in live cells.
Within classical GPCR pharmacology, ligands are defined by two system-independent properties, affinity and intrinsic efficacy. However, recent studies have identified GPCR ligand binding and signaling profiles that do not conform to this theoretical framework. The discovery of allosteric ligands and functionally selective orthosteric ligands introduced the phenomenon of probe dependence and, as such, the requirement for careful consideration of the tracer ligand and functional assays employed when screening for drug candidates (6) . Additional layers of complexity are introduced when describing ligand binding and intracellular signaling events at GPCR dimers or higher order oligomers. Homomeric and heteromeric interactions between GPCRs have the potential to be dependent on probe, receptor density, and tissue. However, these system-dependent properties of GPCR-GPCR interactions may also represent potential novel therapeutic avenues for developing drug candidates that modulate GPCR intracellular signaling with greater functional and/or spatiotemporal selectivity (12) .
To date, the majority of studies investigating GPCR dimerization in live cells have employed techniques such as resonance energy transfer (RET) or BiFC. Within the adenosine receptor family, BiFC between YFP fragments suggest that both the A 1 -AR and the A 3 -AR can form homomeric complexes (Fig. 2 and ref.  38) . Although BiFC and RET between GPCRs can be very powerful in detecting receptor proximity in live cells, when used alone, these methods cannot establish the pharmacological or physiological consequences of GPCR-GPCR interactions. Cooperative interactions must be present for GPCR dimerization to have an influence on ligand binding and/or function; however, few studies have investigated this phenomenon in live cells (11, 12) . Quantification of probe-dependent cooperativity factors can provide a mechanistic framework within which to understand the influence of dimerization on ligand-GPCR interactions and, as such, develop structure-activity relationships for ligands interacting across a dimer interface.
Investigation of the dissociation kinetics of a tracer ligand in the absence and presence of a second ligand represents a sensitive method to detect cooperative interactions between two topographically distinct binding sites. The fluorescent adenosine derivative ABA-X-BY630 used within this study has been well characterized previously (33, 39) . At both CHO-A 1 and CHO-A 3 cells, ABA-X-BY630 retained the ability to stimulate calcium mobilization and ERK1/2 phosphorylation in a concentration-dependent manner. The association and dissociation specific binding kinetics of ABA-X-BY630 concentrations within the nanomolar range follow a monoexponential association and decay respectively. Together, these results suggest that, similar to endogenous adenosine, ABA-X-BY630 acts as a classical orthosteric agonist at both the A 1 -AR and A 3 -AR. The nonselective adenosine receptor antagonist XAC and the nonselective adenosine receptor agonists NECA and adenosine had varying influences on the dissociation of ABA-X-BY630, at the A 1 -AR and A 3 -AR. At the A 3 -AR, each of the nonselective ligands mediated a Ͼ9-fold enhancement in ABA-X-BY630 dissociation (Fig. 5A) . In contrast, at the A 1 -AR, each of the ligands mediated a small, ϳ1.5-fold, increase in ABA-X-BY630 dissociation (Fig. 5B) . The influence of competitive ligands on ABA-X-BY630 dissociation at the A 3 -AR cannot reflect ABA-X-BY630 rebinding under conditions of infinite dilution or A 3 -AR sequestration from the cell surface. This is because the combination of ABA-X-BY630 association alone and ABA-X-BY630 dissociation in the presence of a saturating concentration of antagonist do not conform to the rules of simple mass action; that is, the observed association rate is slower than the dissociation rate. Furthermore, the significant difference between the A 1 -AR and A 3 -AR must be receptor specific, as the fluorescent ligand, competitive ligands, and cell background remain constant. Interestingly, cooperative interactions are unlikely to be a consequence of high receptor density, as the receptor expression is ϳ4-fold greater in A 1 -CHO cells as compared to A 3 -CHO cells.
Cooperative interactions at the A 3 -AR receptor between ABA-X-BY630 and NECA could be inhibited in a concentration-dependent manner by the presence of the non-ligand-binding mutant A 3 -AR at the cell surface. These experiments involved cotransfection of A 3 K A , logarithm of equilibrium association constants; ␣, cooperativity when 2 molecules of ABA-X-BY630 simultaneously bind the homodimer (value of ␣ tended to the bounds set during the optimization, with ␣ insensitive to relatively large increases in negative cooperativity above 0.010); ␤, cooperativity when homodimer is simultaneously bound by 2 molecules of the corresponding ligand; ␥, cooperativity when homodimer is simultaneously bound by 1 molecule of ABA-X-BY630 and 1 molecule of the corresponding ligand.
The similar effects of agonists and antagonists with respect to the increase in ABA-X-BY630 dissociation from the A 3 -AR are consistent with a number of previous studies describing homomeric and heteromeric interactions and suggest that cooperative interactions across a dimeric GPCR interface do not necessarily require receptor activation (11, 12) . A recent study at the dopamine D 2 receptor, investigating the downstream signaling consequences of GPCR-GPCR interactions, observed opposing cooperative interactions between agonist-agonist and agonist-inverse agonist binding to the D 2 receptor homodimer (42) . In contrast to dopamine D 2 receptor homdimers, cooperativity at adenosine A 3 receptor homodimers does not correlate with ligand efficacy. However, given the complex allosteric nature of GPCR homomers and heteromers, it is perhaps not surprising that allosteric interactions can vary depending on the receptor, probe, and tissue investigated.
To quantify allosteric interactions, a mechanistic framework is required. The general aim of mathematical modeling within GPCR pharmacology is to develop a model that can describe allosteric interactions adequately using a minimum number of parameters. The simplest model describing allosteric modulation of ligand affinity at constitutive heterodimers is the ternary complex model. In the case of constitutive homodimerization, the ternary complex model must be extended to allow simultaneous occupancy of the homodimer by 2 molecules of the same ligand. Within this model, binding is dependent on the affinity of the ligand for both the free and singularly occupied homodimer. When describing the binding of 2 structurally different ligands, the simple model of constitutive GPCR homodimerization is extended, now described by 2 affinity constants and 3 cooperativity factors. A kinetic version of constitutive GPCR homodimerization was derived within these studies to quantify cooperative interactions between competitive ligands at A 3 -AR homodimers. Within this model, the assumption that A 3 -ARs exist as constitutive homodimers is consistent with previous studies suggesting that GPCRs are born, function, and die as dimers (43, 44) . The receptor homodimerization model yields analytical solutions for bound fractions as functions of the binding parameters and ligand concentrations, and also of time for the dynamic systems. A relatively inexpensive computational parameter estimation routine could therefore be employed to obtain ligand rate constant and cooperativity estimates. Interactions between simultaneously bound homodimeric A 3 -AR sites were generally found to be negatively cooperative. Analysis of kinetic data represents a high content approach to investigating GPCR-GPCR interactions. Furthermore, kinetic analysis of GPCR pharmacology may represent a more physiologically relevant approach to understanding endogenous ligand-binding events that are rarely at equilibrium within the body.
An unexpected observation within these studies is the contrasting influence of nonselective ligands on the dissociation kinetics of ABA-X-BY630 from the A 1 -AR as compared to the A 3 -AR. The A 3 -AR is more rapidly desensitized when compared to the other members of the AR (45) . Enhanced dissociation on 2 molecules of adenosine binding to an A 3 -AR homodimer may reflect an additional physiological mechanism to reduce the residence time of the endogenous adenosine at pathophysiologically high concentrations. With respect to drug discovery, increased A 3 -AR expression within a number of different types of tumor cells has been suggested to have a role in cell proliferation and migration. As such, if A 3 -AR homomerization is receptor density and/or tissue dependent, ligands that distinguish between A 3 -AR monomers and homomers may represent a novel therapeutic strategy for selective targeting of tumor cells in the treatment of cancer (46) .
The A 3 -AR is a potential novel therapeutic target for a number of conditions, including inflammatory disorders and cancer (46, 47) . This study has identified and quantified novel homomeric interactions between native A 3 -ARs. The kinetic and mathematical approach used within this study represents a powerful method to detect and interpret cooperative interactions between allosteric and/or orthosteric ligands. An additional advantage of this approach is that it is readily amenable to study interactions between endogenously expressed GPCRs within a physiological context.
